Abstract
The aim of this article is to propose an analysis of low-frequency modula-31 tions of the phonatory frequency F 0 in parkinsonian and control speakers.
32
Low-frequency modulations designates slow disturbances of the phonatory fre-33 quency, which is the frequency of the voice source signal generated by the pul- cles (Titze, 1994) . Vocal tremor is a slow supra-cycle fluctuation, character-
46
ized by frequencies less than 15 Hz. For some authors, the word tremor has a 47 connotation of narrow-band modulation at a single frequency (Yair and Gath, 48 1988; Holmes et al., 2000) . Therefore, the expression low-frequency modulation 49 is preferred here to describe F 0 fluctuations between 3 Hz and 15 Hz.
50
Tremor of the limbs is defined as involuntary, rhythmic movements that are 51 seen better distally as in the fingers of hands but may sometimes be seen in the 52 eyelids, tongue, face or other body parts (Fucci and Petrosino, 1984 second stage, another CWT is carried out, using a shorter mother wavelet.
209
The F 0 estimate is assigned to the instantaneous frequency corresponding to 
226
The instantaneous frequency IF(t) of a band-pass signal s(t) may be defined 227 by means of its Hilbert transform H[s(t)] and associated analytical signal 228 s a (t) (Boashash, 1992) .
The instantaneous frequency can also be defined by means of a continuous 230 wavelet transform, using an analytical wavelet (Le-Tien, 1997). The CWT of a signal x(t) and the IF are defined by
In (3) the mother wavelet is denoted by ψ(t) and CW T (λ, t) denotes the 
The scale of the wavelet is fixed by central frequency
, which is the frequency of oscillation of the wavelet. Parameter σ t fixes its decay. The product ω c σ t is constant for a wavelet family. The normalization factor C is chosen such that
The effective duration of the wavelet is conventionally defined as 2σ t . respectively by means of the centroid of the modulation spectrum and the 305 ratio of the modulation energy at low and high frequencies.
306
To calculate the modulation cues, a continuous wavelet transform of the F 0 307 trace is carried out, using the complex Morlet wavelet with ω c σ t = 5. Before 308 transforming the F 0 trace, the trend, which designates slow changes of F 0 309 below the 3 Hz limit, is removed, using a method described by Yair 
The value of the middle frequency f mid has been fixed by observing the ratios frequency is modulated by a cosine such that 
348
The modulation frequency and amplitude are estimated by recording the fre-
349
quency and peak-to-peak amplitude of the sinusoidal variation of the F 0 trace.
350
The performance with regard to modulation amplitude tracking is numerically
351
expressed by the ratio of the estimated and reference modulation amplitudes.
352
This ratio characterizes the ability of the method to record the modulation of 353 the phonatory frequency of the synthetic signal, and ideally is equal to one.
354
For the proposed CWT-based method, the modulation frequency is detected The CWT-based F 0 estimation is compared to three other F 0 analysis meth- 
Evaluation on disordered speech

393
The application of F 0 modulation analysis is expected to be clinical mainly.
394
The analysis must therefore be reliable for elderly and dysphonic speakers.
395
The CWT-based method is preferred to the Hilbert-based method, for the 396 following reasons. the subharmonics at multiples of F 0 /2 (Fig.9) . Ideally subharmonics at F 0 /2 416 and 3F 0 /2 should be eliminated by filtering, without altering the side-bands 417 of the fundamental at F 0 , which inform about the low-frequency modulation.
418
Both requests are difficult to satisfy simultaneously.
419
In the CWT-based method, the filtering is adapted instantaneously depending 420 on F 0 . This method is therefore retained. 
Corpora and Statistical Methods
426
The 
Results
461
This subsection illustrates the instantaneous modulation cues for two exam-462 ples: one parkinsonian and one control speaker. Fig. 11 speakers.
475
For the modulation amplitude and frequency, the medians are higher for 476 parkinsonian than for control speakers. For the modulation energy ratio, the 477 medians are lower for parkinsonian than for control speakers.
478
Two-factor analyses of variance are carried out for each cue, the factors be-479 statistic (Zar, 1996) and the probability that the null hypothesis is true. 
481
497
For a discriminant analysis, the independent variables should not be strongly 498 correlated. Therefore, the correlation between cues is studied via Pearson's mo-499 ment correlation (Zar, 1996) , the results of which are presented in 
506
The discrimination between parkinsonian and control speakers is studied via which indicates that a model including these cues is able to discriminate sta-514 tistically between the parkinsonian and control speakers. as shown in Table 1 .
565
The differences in the relative modulation amplitude observed here, however,
566
between control and parkinsonian speakers may be explained by differences in 
579
Also, one sees in Fig. 12 shows the following.
646
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